The silver-staining technique for nucleolar organizer regions (AgNOR) of Ploton et al., as popularized by Crocker, is being widely used for evaluation of nucleolar function, especially in neoplasia. It suffers from limited reliability, background staining, precipitates, and fading of the sections. Factors were identified that affect these problems. The oxidation-reduction level and gelatin used are particularly important. An improved procedure is presented which incor-
Introduction
The nucleolar organizer regions (NORs) found on human chromosomes 13,14,15,21, and 22 (5, 9, 20) are the sites of the transcription of ribosomal RNA, the post-transcriptional modification of the RNA transcripts, and their assembly into functional ribosomes (5, 9, 20) . The silver-staining technique (13,17,24) for the demonstration of NORs (AgNORs) is an empiric technique which appears to stain NOR proteins involved in regulation of transcription or post-transcriptional modification of rRNA transcripts (5, 9, 20) .
The silver stain was originally used to demonstrate the NORs of chromosomes, to evaluate their function, and to identify chromosomes in cytogenetic preparations (13). The technique was simplified (17) and was first applied to histological sections by Ploton et al. (24) . It was subsequently popularized, especially by Crocker and associates ( 5 ) , and the staining protocol that Crocker described has been used by most workers in the field. The number of NORs expressed in a tissue was related to the rate of cell proliferation, differentiation, and to neoplastic transformation (5, 9, 11, 15 ,16,19-21,25,28,29). Crocker and others have suggested that the technique has practical utility in diagnostic pathology for demonstration of neoplastic potential and for evaluating the prognosis and aggressiveness of malignant neoplasms (2,5,9,10,20,21,25,28).
A sizeable body of literature has developed evaluating this technique in various diagnostic applications. Although this literature Correspondence to: Luther E. Lindner, 208 Reynolds Medical Bldg., Texas A&M University, College Station, TX 77843-1114.
prates pre-reduction of the settiom, selection of an optimal gelatin, and post-treatment of the sections to produce a permanent preparation. It is compatible with many fiiatives and with other stains used before or after the silver stain. generally indicates successful use of the technique, it also contains comments about problems. These caused difficulty in interpretation of the results and limited its routine use. Among the problems are: limited reliability and reproducibility (4,14,22,25); general background staining of tissues (4,7,14), making weakly stained NORs difficult to identify and making NORs harder to resolve; staining of granules in the cytoplasm that can be confused with NORs (23); black precipitates scattered over the slide that can be confused with NORs (3,4,7,14,22,26); fading of the sections, often within days (18); poor staining with some tissue fixatives (27); and variation in the staining intensity and configuration among NORs (14,22), such that short staining times that allow clear separation and quantitation of the more strongly reacting NORs are insufficient to demonstrate weakly reactive NORs, but longer staining times that demonstrate weakly reactive NORs produce overstaining and confluence of strongly reactive NORs, and with some tissues a continuous stained rim is produced on the nucleolus rather than individual NORs. Our own experience confirms these problems. Although some of these problems have been blamed on dirty glassware or impure water (6,26), we found that they persisted even when SCNpulous technique was followed. For certain types of specimens (e.g., exfoliated gynecological cytological smears), we found that these problems are so severe as to preclude interpretation.
Several authors have proposed variations in the original procedure to reduce these problems, including: destaining of slides before silver staining (2); preor post-incubation of sections with alcoholic acetic acid (3,4,8,10,28), other acids (7,21), or glycine (7) to reduce background staining; variations in solution concentration (54); increase in pH (22); variations in temperature (3,4,7, 439 9,12,17); staining slides while inverted (4) or coating the sections with collodion ( 3 ) to reduce precipitates; conversion of the silver precipitate to a dye complex (12) ; combination with other staining procedures (18); replacement of the gelatin component with other colloids (26) ; and use of sodium thiosulfate (8, 9, 12) and gold toning (8, 22) to improve permanence. None of these modifications has entirely controlled the problems.
Because of our dissatisfaction with the published procedures, we experimented with modification of the technique.
Materials and Methods
AgNOR staining of sections was done using routinely processed formalinfixed, paraffin-embedded sections from blocks in our pathology files cut at 5-6 wm. AgNOR staining of cytological smears was done using sprayfixed cervical smears stored from a previous research project. The specimens were from days to 8 years old. with no discernible effect related to age. The basic staining procedure of Ploton et al. (24) as used by Crocker was followed, with specific changes given in the results section. Sections were deparaffinized in xylene. Sections or smears were hydrated through 100% and 95% ethanol to water. A silver-staining solution was prepared by dissolving 2% gelatin in 1% formic acid at room temperature and fdtering through filter paper (Micro Filtration Systems, type 5B). One part of the solution was mixed with two parts of 50% silver nitrate immediately before use. Staining was done in the dark at room temperature for 30-35 min. The sections were washed thoroughly in water, dehydrated in 95% and 100% ethanol, and mounted in a permanent mounting medium. All reagents were of reagent grade from Baker Chemical (Phillipsburg, NJ). Mallinckrodt (Paris, KY), Fisher Scientific (Fairlawn, NJ), or Sigma (St Louis, MO).
Results

Effects of Oxidation and Reduction Be fore Silver Staining
Oxidation of sections for 30 min before silver staining, using 0.3% hydrogen peroxide or 1% potassium dichromate, produced a marked increase in the background staining and the staining of other non-NOR elements. The increase in background rendered the sections uninterpretable.
The reduction of sections with 1% potassium iodide or 1% sodium bisulfite for 60 min or with 1% dithiothreitol (Cleland's reagent) for 10-15 min decreased the background staining and staining of non-NOR structures without having any effect on the specific staining of the NORs. It also decreased the staining of cytoplasmic granules. For all later experiments, pre-reduction with dithiothreitol was used routinely. After pre-reduction, treatment of sections with alcoholic acetic acid or glycine had little effect.
Effects of Variation in Silver and Fomnic Acid Concentration
Although the procedure of Ploton et al. (24) called for specific concentrations of silver nitrate, formic acid, and gelatin, other authors have suggested other concentrations (3, 4, 19) . Reduction of the concentration of silver nitrate would be desirable because of the cost and the amount of waste silver to be disposed of. Unfortunately, reduction of the silver concentration reduced the rate of staining markedly, making staining times that were impractical. The quantity of silver used was limited to 0.2-0.3 ml per slide by staining slides flat in a humidified chamber.
Decreasing the formic acid below the recommended level produced decreased staining and poor solution of the gelatin. Increasing the level above 1% did not produce any benefit, although there was little harm. Therefore, the concentrations originally reported by Ploton et al. (24) are about optimum.
Effects of Temperature
Although the literature on AgNOR staining of chromosomes notes that staining is more rapid at elevated temperatures (9), the roomtemperature procedure has been usual for tissue specimens because of better control and less precipitates and background staining. We observed that variations in room temperature produced large differences in NOR staining density. In laboratories subject to swings in temperature, adjustment of the staining time to compensate for changes in room temperature is strongly recommended. For a base staining time of 30 min, a time reduction of 2 min for each degree C of temperature increase, and vice versa, is suggested.
Reduction of Precz)itates
Our first approach to reducing precipitates was to stain the slides inverted, slightly separated from a flat surface, allowing gravity to carry precipitates away from the surface of the sections. This reduced the precipitates but did not eliminate them. It also produced uneven staining. Residual water clinging to the section was incompletely displaced by the staining solution or mixed unevenly with it because of the density of the staining solution. When it became apparent that the precipitates were primarily related to the gelatin, this inverted staining became superfluous.
The gelatin in the staining solution reduces nonspecific staining reactions by a "protective" effect (17). Additional gelatin did not dissolve and was removed when the solution was filtered before staining, with additional clogging of the filter, Dissolving the gelatin at elevated temperature led to a marked increase in precipitates. A reduction in the amount of gelatin increased the amount of background staining. Thus, the concentration of gelatin and room temperature solution suggested by Ploton et al. (24) is about optimum.
Some of the precipitates that were observed in sections were black cubic crystals. This suggested that they might be a silver proteinate contributed by the gelatin. Several different lots of gelatin were compared, with striking differences noted in background staining, precipitates, and specific staining. Our earlier experiments had been done with a lot of gelatin (VI below) obtained from Fisher Scientific Co. We compared this lot of gelatin with a variety of gelatins obtained from Sigma Chemical Company. The gelatins tested were derived from three different animal species, prepared from either acid-cured (Type A) or lime-cured (Type B) skins, and had different bloom numbers (bloom number refers to the strength of the gel that can be prepared), as follows:
111.
IV.
V.
VI. Sigma Striking differences were observed among these gelatins. Gelatin V produced slides that were consistently much freer of background stain and precipitates than any other lot tested ( Figure 1 ). The specific NOR staining with Gelatin V was increased. allowing shortening of the staining time by several minutes. Gelatin 11 did not dissolve at room temperature. clogged the filter, and could not be tested further. The lower bloom numbers dissolved and filtered better. No lot other than Gelatin I was free of filter clogging. Gelatin I produced abundant fine, generalized precipitate and background staining, and part of the slide was completely uninterpretable (Figure 2) . Gelatins 111 and IV produced results similar to those seen with our original Gelatin VI; Gelatin IV had fewer precipitates. Gelatin VI produced precipitates as before ( Figure 3 ). Replacing the gelatin with other colloids, such as bovine serum albumin, casein. polyethylene glycol, polyvinyl alcohol, and dextran. produced excessive precipitates.
The difference in results was not related to changes in buffering capacity or final pH, as the pH of the gelatin-formic acid solution varied by less than 0.1 pH unit. PH has been suggested as an important variable in the gelatin solution, with a report that raising the pH of this solution to 3 eliminated precipitates (22) . We confirmed that reducing the p H dramatically increased precipitates with a lot of gelatin that produced precipitates and raising it decreased them. With the good lot of gelatin a lowered pH of 2 did not produce precipitates, but raising the pH to 3 increased the background staining slightly.
Improvement of Stain Permanence
Sections receiving no treatment after the silver stain can fade in a few days as a result of residual chemicals left in the sections and exposure to oxidants in the mounting medium and the air. Ploton et al. (24) noted that treatment of the sections with sodium thiosulfate after silver staining improved permanence, but this was not followed by Crocker and most other authors.
Treatment of the sections after staining with 5% sodium thiosulfate for 5 min markedly i m p m d stain permanence. Sections treated this way without further treatment have been stable for months. It also removed much of the remaining nonspecific background staining. This was expected. as thiosulfate is well known to gradually remove reduced silver from photographs. Prolongation of this step must be avoided. It slightly decreased the specific staining. so a slightly longer staining time (about 5 min) was needed with the sodium thiosulfate step than without. There is a disproportion in the percentage of silver that is removed. A greater percentage of the silver is removed in areas of light staining. such as the background, than in the NORs. The effect is highly beneficial.
Although the thiosulfate step improves stain permanence and contrast, it presumably does not produce complete permanence. It is well known from long-term storage of photographs that any residual thiosulfate will react with silver ovcr time, producing gradual fading. Thorough washing of the sections after the thiosulfate step should leave little residual thiosulfate. but there is no guarantee that it is completely removed. The silver also remains susceptible to oxidation from the air and from components of the mounting medium. The solution to both problems was found in procedures used for processing black-and-white photographs for archival permanence with a thiosulfate eliminator (Eastman Kodak HE-1 hypo eliminator), followed by gold toning with a gold chloride-sodium thiocyanate complex (Eastman Kodak GP-1 gold protective solution) (1). The gold protective solution replaces the silver with inert gold. The gold protective solution is moderately expensive but can be used to treat multiple slides.
E f f f of Specimen Fikzfion
Previous authors reported good results with alcohol or formalin fuation and poor results with most other fixatives (27) . After the modifications noted a h , we re-examined the effect of fixation, extending it to several fixatives not considered by other authors. No differences were noted berween freshly formalin-fixed tissues and tissues that were 5 years old.
The following fixatives were tested by incubating previously formalin-fixed sections for 1 hr in them before reduction and silver staining with the modified technique: 4% glutaraldehyde, Bouin's. Orth's Zenker's (AFIP formula), B-5. zinc-formalin. and lead-formalin. Orth's fixative. an oxidizing dichromate fixative. produced a marked increasc in background staining (Figure 4) . B-5 fixation reduced staining markedly, and glutaraldehyde fixation reduced it almost as much. Only a mild effect was seen with Bouin's or Zenker's fixatives (Figures 5 and 6 ). With both fixatives the NORs were still demonstrated but there was an increase in background nonspecific staining and precipitates. making the NORs harder to evaluate. When tissue was fixed primarily with Bouin's or Zenker's fixative for 2 hr. following by washing and routine processing, the results were not significantly different. although the background staining with the Zcnker's was increased. Prolonged fixation with Zenker's More processing was unsatisfactory. Lead-and zinc-formalin had no effect to a slight potentiation of staining. Good results were also seen with smears fixed with 95% alcohol or cytology spray fixatives and with cell monolayers fixed with 90% ethanol-10% formalin. Therefore, within the time and procedural limits of the experiment only glutaraldehyde, Orth's fixative, and B-5 (a mercurial fixative) had a strongly deleterious effect with the modified procedure. Exposure of sections to 1% disodium EDIA before staining had no effect.
Comterstaining
These steps reduce the background staining so markedly that tissue architecture is no longer evident. A counterstain with 0.01% safranin for 1 min produces a weak transparent nuclear stain that does not interfere with quantitation of NORs. Other counterstains can be used.
Interaction with Other Straining Procedures
For some purposes it is desirable to stain NORs in previously stained slides or to stain the slides with another stain after the NOR stain. Most stains based on organic dyes, notably H&E and Papanicolaou stains, were completely removed during the strongly acidic silverstaining step without prior destaining. The presence of these dyes did not affect the NOR staining. Sections stained for NORs could later be stained with other procedures, such as H&E or the Papanicolaou stain; some degrading of the staining was noted, but it was acceptable for many purposes. With strong nuclear stains the NORs were no longer visible.
M o d ? e d NOR Staining Procedure
After the experiments above, the following procedure was arrived at: Special Reagents. Appropriate safety precautions should be observed. Several of these reagents are hazardous.
1.
2.
3.
4.
5.
Reducing solution. Prepare a 1% solution of dithiothreitol (Cleland's reagent) in water on day of use. Limit the amount made to what is needed to flood the slides (typically 0.2 mllslide). Silver-staining solution. Prepare fresh in acid-clean glassware. (a) Dissolve 2 % gelatin in 1% formic acid. [To 0.284 ml88% formic acid (Sigma) in 24.7 ml distilled water, add 0.5 g gelatin (Sigma G-6650; gelatin Type B from bovine skin, 75 bloom)]. Requires at least 30 min to dissolve. Do not heat. Filter through filter paper. (b) Stock 50% silver nitrate (can be stored in refrigerator shielded from light or made fresh), about 0.2 mllslide. (c) Immediately before use mix a and b in 1:2 ratio. 5 % sodium thiosulfate. Dissolve 2.5 g in 50 ml. Thiosulfate solutions cannot be kept more than a few days. If a precipitate is present the solution must be replaced. Hypo eliminator solution HE-1. Prepare fresh. To make 50 ml, add 0.5 ml concentrated ammonium hydroxide to 42.25 ml water. Immediately before use add 7.25 ml of 3% hydrogen peroxide. Gold protective solution GP-1. Prepare fresh in acid-cleaned glassware. (a) 1% stock gold chloride in distilled water can be prepared in advance and stored shielded from light. (b) Dissolve 0.5 g sodium thiocyanate in 6.25 ml distilled water. (c) Add 0.5 ml of gold chloride stock to 43.25 ml water. Mix. Add Solution b and mix.
Staining Procedure. The procedure can be applied to routine formalin-fixed, paraffin-embedded sections as well as to sections and smears fixed with alcoholic fixatives, limited fixation with Bouin's or Zenker's fixative, and formalin variants such as zincformalin. Oxidizing fixatives, B-5, and glutaraldehyde should be avoided.
1.
2.
4.
5.
6.
7.
9.
Begin preparation of formic acid-gelatin component of silverstaining solution. For previously stained slides, soak coverslip off first in xylene. Deparaffinize in xylene and hydrate through graded alcohols to distilled or deionized water. For smears, xylene can be omitted. Begin filtration of formic acid-gelatin solution. Reduce slide by laying it face up, pipetting on 1% dithiothreitol (Clelands reagent), and incubating for 10-30 min (15 min preferred). Rinse slides in several changes of distilled water. Shake water off slide as completely as practical. Place slide face up in a level humidified light-tight chamber. Pipet freshly mixed staining solution on slide and incubate in dark at room temperature of 23°C for 25-40 min. Adjust staining time to match tissue, fixation, and ambient temperature. Better reproducibility can be obtained by staining in an incubator set slightly above room temperature or on a temperature-controlled surface. Wash thoroughly in distilled or deionized water. Immerse slide in 5 % sodium thiosulfate for 5 min. Prolonged immersion in this solution will bleach out stain. Wash in several changes of water. (Optional step for archival preservation.) Immerse in hypo eliminator solution for 5 min. Wash in several changes of distilled water. (Optional step for archival preservation.) Immerse in gold protective solution for at least 10 min. Wash thoroughly in water. (Optional step.) Counterstain with 0.01% safranin for 1 min, or other appropriate counterstain. Wash in water. Dehydrate in alcohols, clear in xylene, and mount. After slides have been evaluated, it is possible to restain them by most techniques.
Results. Nucleolar organizer regions are stained black. Unless counterstained, other structures are unstained.
Discussion
Several observations emerge from these experiments that have not been appreciated previously. First is the sensitivity of the procedure to tissue oxidation. Oxidizing fixatives and the storage of tissues under oxidizing conditions must be avoided. Introduction of reducing materials into the fixatives and storage materials should produce better performance and might avoid the separate reduction step. The background staining has been blamed on residual tissue aldehyde groups (18, 26) , but this does not explain background staining in non-aldehyde fixatives or reduced reactivity with glutaraldehyde fmtion. The Feulgen reaction has been run on slides before silver staining with a decrease in the background (18), under the rationale that it would destroy tissue aldehydes. The Feul-gen reaction hydrolyzes the tissue with acid, followed by a reducing step with bisulfite.
Temperature control during the staining process is important for reproducibility. Although the literature discusses changes in the staining time when the temperature was altered from what had been used in other procedures, there has been little appreciation that it must be controlled or compensated for in day-to-day staining to achieve reproducibility.
The importance of the lot of gelatin has not been generally appreciated. In our experience, this is the chief source of precipitates. Gelatin is a complex material. It is not clear which components of the gelatin are beneficial, which deleterious, or whether the differences in lots that was observed relates primarily to the animal of origin, the type of curing, or the processing to produce a specific bloom number. One report suggests that replacing the gelatin with polyethylene glycol reduces the precipitates, but does not entirely eliminate them (26). We could not reproduce this and found the results unsatisfactory.
The modified technique extends the range of acceptable fixatives and removes the need for modifications suggested by others, such as incubation with acid or glycine. Oxidizing and mercurial fixatives and glutaraldehyde remain unsatisfactory. Formaldehyde and alcoholic fixatives remain the fixatives of choice, but limited fixation with Zenker's and Bouin's fixatives is tolerable. Good results are produced by lead-and zinc-formalin. The compatibility with other stains is a useful bonus. The apparent stability of stored tissue and sections permits studies on archival material. Multiple stains can be done on a single slide and correlated.
A number of authors have incorporated thiosulfate into their procedures to improve slide permanence, but none has noted that thiosulfate itself is potentially damaging to sections, by residual thiosulfate reacting with silver over time and by extraction of the silver with extended exposure. Gold toning has been suggested by previous authors (8,22), but it was done before removal of unreacted and background silver by thiosulfate. With this sequence, the silver could react with the gold solution, producing increased background. It is not possible to guarantee that slides stained by the modified technique will be completely permanent, as decades of observation would be needed, but our technique is designed to produce archival permanence. In more than 6 months no deterioration of slides stained by this procedure has been seen.
Unfortunately, the current studies shed little light on the mechanism of staining except to suggest that oxidation-reduction effects are an important aspect of it. A similarity to photographic development has been suggested, with initial silver binding to a tissue component producing nucleation, with subsequent expansion of the silver deposits (5, 9) . It is unlikely that simple silver binding alone is sufficient for the nucleation effect, as many components of tissue bind silver. It is also unlikely that the subsequent enlargement of deposits is identical to photographic development, as that involves a reaction at the surface of a solid silver halide crystal, not a reduction of silver in solution. The lack of effect of EDTA suggests that multivalent metal ions are not involved in the reaction. The lack of effect of Pb-formalin and minimal effect of reduction on the specific staining suggest that sulfydryl and disulfide groups are not important, in disagreement with previous observations (5, 9) .
The improvement in the results by using the modified procedure is purchased at the price of increasing the complexity, time, and expense of staining. Some of the time expenditure would be recovered in easier evaluation of the sections.
The existence of cytoplasmic non-NOR silver-stained granules has not been adequately commented on in the literature, although one other report shows that it is common in certain tissues (23). These granules can cause difficulties in evaluation, especially when they overlie a nucleus. The reduction diminishes the staining of these granules but does not eliminate them.
Although most of the problems with NOR staining are markedly reduced with the modifications, one problem is still unresolved, i.e., the marked variation in staining intensity of NORs such that in a slide stained long enough to stain the more weakly reactive NORs, the strongly staining NORs tend to become confluent, as well as the tendency in some tissues for the NORs to form a continuous confluent rim around the nucleolus. This may not really be a problem so much as an observation of the range of reactivity that is present in NORs. Any modification that reduced the range of intensity to show all NORs would destroy information. If the staining reaction is analogous to photographic development, it might be possible to reduce the range in reactivity of the NORs by modifications of the staining solution analogous to those used in low-contrast developers.
